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ABSTRACT 12 

Erosion of volcanic ocean islands creates dramatic landscapes, modulates Earth’s 13 

carbon cycle, and delivers sediment to coasts and reefs.  Because many volcanic islands 14 

have large climate gradients and minimal variations in lithology and tectonic history, they 15 

are excellent natural laboratories for studying climatic effects on the evolution of 16 

topography.  Despite concerns that modern sediment fluxes to island coasts may exceed 17 

long-term fluxes, little is known about how erosion rates and processes vary across island 18 

interiors, how erosion rates are influenced by the strong climate gradients on many 19 

islands, and how modern island erosion rates compare to long-term rates.  Here we 20 

present new measurements of erosion rates over 5-year to 5-million-year timescales on 21 

the Hawaiian island of Kaua‘i, across which mean annual precipitation ranges from 0.5 to 22 



	
   2	
  

9.5 m/yr.  Eroded rock volumes from basins across Kaua‘i indicate that Myr-scale 23 

erosion rates are correlated with modern mean annual precipitation and range from 8 to 24 

335 t km-2 yr-1.  In Kaua‘i’s Hanalei River basin, 3He concentrations in detrital olivines 25 

imply millennial-scale erosion rates of >126 to >390 t km-2 yr-1 from olivine-bearing 26 

hillslopes, while fluvial suspended sediment fluxes measured from 2004 to 2009 plus 27 

estimates of chemical and bedload fluxes imply basin-averaged erosion rates of 545 ± 28 

128 t km-2 yr-1.  Mapping of landslide scars in satellite imagery of the Hanalei basin from 29 

2004 and 2010 imply landslide-driven erosion rates of 30-47 t km-2 yr-1.  These 30 

measurements imply that modern erosion rates in the Hanalei basin are no more than 2.3 31 

± 0.6 times faster than millennial-scale erosion rates, and, to the extent that modern 32 

precipitation patterns resemble long-term patterns, they are consistent with a link between 33 

precipitation rates and long-term erosion rates. 34 

 35 

INTRODUCTION 36 

A glance at a topographic map of the Hawaiian Islands makes it clear that a great 37 

deal of rock is eroded from volcanic islands over time (e.g., Dana, 1890).  The recently 38 

erupted lava flows on Mauna Loa and Kilauea volcanoes on the Island of Hawai‘i form 39 

smooth hillslopes that are undissected by rivers, and they stand in stark contrast to older 40 

Hawaiian islands like Kaua‘i, which over the past >4 Myr has been dissected by canyons 41 

more than 1 km deep.  The dramatic erosion of island interiors and the correspondingly 42 

large sediment fluxes to coasts are not unique to the Hawaiian Islands, but instead are 43 

common features of many ocean islands, such as the Society Islands (e.g., Hildenbrand et 44 



	
   3	
  

al., 2008), the Lesser Antilles (e.g., Rad et al., 2007), and Iceland (e.g., Louvat et al., 45 

2008). 46 

The erosion of volcanic islands offers an opportunity to investigate a number of 47 

problems central to landscape evolution.  For instance, islands are isolated from 48 

continents and thus offer opportunities to investigate the co-evolution of topography and 49 

biota (e.g., Craig, 2003).  Because islands are small, they offer an opportunity to study 50 

how boundary effects propagate through landscapes.  Volcanic islands are also well 51 

suited for isolating climatic effects on erosion, because many islands exhibit large spatial 52 

variations in climate but relatively small variations in non-climatic factors that might also 53 

affect erosion rates, such as lithology and tectonic deformation.  This is particularly 54 

valuable because the effects of climate on erosion rates are a matter of long-standing and 55 

continuing debate (e.g., Langbein and Schumm, 1958; Riebe et al., 2001; DiBiase and 56 

Whipple, 2011), and because attempts to measure climatic effects on erosion rates are 57 

often confounded by site-to-site variations in non-climatic factors (e.g., Walling and 58 

Webb, 1983; von Blanckenburg, 2005).  Furthermore, climate’s effect on erosion rates is 59 

often cited as the driver for an important feedback in the co-evolution of climate, 60 

topography, and mountain structure (e.g., Willett, 1999; Beaumont et al., 2001; Whipple 61 

and Meade, 2004; Stolar et al., 2007; Roe et al., 2008; Whipple, 2009), and despite a few 62 

observations of correlations between precipitation rates and erosion rates (e.g., Reiners et 63 

al., 2003; Owen et al., 2010; Moon et al., 2011), there remains no empirical consensus on 64 

the net effects of climate on erosion rates.  Lastly, volcanic islands are examples of 65 

transient landscapes, with topography that is lowered by both surface erosion and island 66 

subsidence.  This distinguishes islands from many continental settings in which rock 67 
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uplift counterbalances erosion, driving the topography toward an approximate steady 68 

state (e.g., Hack, 1960).  Such transiently evolving landscapes are valuable because their 69 

morphologies can be more sensitive indicators of erosional processes than steady-state 70 

landscapes, which makes transient landscapes better suited for evaluating proposed 71 

models of landscape evolution (e.g., Tucker and Whipple, 2002; Tucker, 2009). 72 

Furthermore, climatic effects on erosion rates should be more apparent in transient 73 

landscapes than in steady-state landscapes, because erosion rates are governed by rock 74 

uplift rates in steady-state landscapes. 75 

Volcanic islands thus have the potential to reveal much about landscape 76 

dynamics, and therefore have implications for continental topography as well as island 77 

topography, because erosional processes in many continental regions are similar to those 78 

on volcanic islands (e.g., Lohse and Dietrich, 2005; Jefferson et al., 2010).  Yet, despite 79 

widespread attention to sediment fluxes along island coasts, comparatively little is known 80 

about how the interiors of ocean islands erode and how the dominant erosional processes 81 

and rates vary in space and time.  For instance, in a study of Kaua‘i’s Waimea basin, 82 

Gayer et al. (2008) measured a 10-fold variation in cosmogenic 3He concentrations 83 

among 26 samples of detrital olivine collected from a single site near the basin outlet.  84 

They suggested that this variation was best explained by spatially variable erosion rates 85 

driven by a nonlinear dependence of erosion rates on hillslope gradient.  Without 86 

systematic measurements of erosional processes and rates in island interiors, it will be 87 

difficult to take full advantage of these natural experiments in landscape evolution. 88 

The importance of such studies is augmented by societal concerns over sediment 89 

fluxes to coral reefs, where excessive sediment supply can smother reefs, reduce coral 90 
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calcification and tissue growth, inhibit larval recruitment, and restrict light from 91 

photosynthetic algae (e.g., Rogers, 1979; 1990; Cox and Ward, 2002; Telesnicki and 92 

Goldberg, 1995; Yentsch et al., 2002, Fabricius, 2005).  This is a growing concern 93 

because coral reefs around the world are in rapid decline: recent surveys report that 94 

nearly 60% of global reefs may disappear by 2030 (Wilkinson, 2002; Gardner et al., 95 

2003).  To properly manage reefs, it is vital to know the long-term average rates of 96 

sediment delivery to coasts and to determine how those rates may have changed under 97 

human activity.  This in turn requires erosion rate measurements over a range of 98 

timescales at a single location, ideally combined with an inventory of the erosional 99 

processes that are responsible for generating sediment. 100 

Prior studies of steep hillslopes on the Hawaiian Islands suggest that hillslope 101 

erosion proceeds by a combination of soil creep (Wentworth, 1943; White, 1949; Scott, 102 

1969; Scott and Street, 1976), shallow landslides in the soil (Wentworth, 1943; Ellen et 103 

al., 1993), landslides with failure in the saprolite (Peterson et al., 1993), bedrock 104 

avalanches (Jones et al., 1984), debris flows (Hill et al., 1997), and flushing of solutes 105 

(Moberly, 1963; Li, 1988).  Special attention has been paid to the role of shallow 106 

landslides, since field observations of abundant landslide scars suggest that shallow 107 

landslides may be responsible for a large fraction of the mass flux from hillslopes to 108 

channels in steep Hawaiian basins (Wentworth, 1943; Scott, 1969; Ellen et al., 1993; 109 

Peterson et al., 1993).  Quantifying sediment fluxes due to landslides may therefore be of 110 

central importance in sediment budgets for volcanic islands. 111 

In this paper, we use Kaua‘i as a natural laboratory for addressing three questions 112 

central to the erosion of volcanic islands.  First, how do precipitation rates affect erosion 113 
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rates on volcanic islands, and how do erosion rates vary spatially as a result?  Second, 114 

how do modern erosion rates on volcanic islands compare to erosion rates over million-115 

year and millennial timescales?  Third, how important is shallow landsliding in setting 116 

erosion rates on volcanic islands?  Kaua‘i is well suited for this study because it exhibits 117 

minimal variations in lithology while spanning one of Earth’s steepest regional rainfall 118 

gradients, with annual rainfall rates ranging from 0.5 m/yr to 9.5 m/yr over only 25 km.  119 

To address these questions we present four new sets of erosion rate measurements on 120 

Kaua‘i, inferred from (1) the volumetric excavation of basins since the formation of the 121 

volcano surface; (2) 3He concentrations in olivine grains collected in river sediment; (3) 122 

modern fluvial sediment fluxes; and (4) modern landslide inventories.  We focus 123 

particular attention on Kaua‘i’s Hanalei basin because previous work on sediment fluxes 124 

there provides a context for our new measurements (e.g., Calhoun and Fletcher, 1999; 125 

Draut et al., 2009; Takesue et al., 2009; Stock and Tribble, 2010), and because sediment 126 

from the Hanalei River discharges into Hanalei Bay, where high turbidity is an ecological 127 

concern (EPA, 2008; Hawaii Department of Health, 2008).  In the following pages we 128 

introduce the study area on Kaua‘i, describe the methods we used to measure erosion 129 

rates, and discuss the implications of spatial and temporal variations in the measured 130 

erosion rates. 131 

 132 

KAUA‘I GEOLOGY, TOPOGRAPHY, AND CLIMATE 133 

Kaua‘i is the northernmost and second oldest major extant Hawaiian island.  Like 134 

the other Hawaiian islands, Kaua‘i is a product of hotspot volcanism.  Over 95% of 135 

Kaua’i’s rock volume consists of tholeiitic basalt, which erupted during Kaua‘i’s shield-136 
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building stage 5.1-4.0 Ma and which is classified into the Na Pali Member, the Olokele 137 

Member, the Makaweli Member, and the Haupu Member (Figure 1; McDougall, 1979; 138 

Clague and Dalrymple, 1988; Garcia et al., 2010).  After more than one million years of 139 

quiescence, a second stage of episodic volcanism began at ~2.6 Ma and lasted to 0.15 140 

Ma, over which time alkalic basalts mantled about half the island (Figure 1; Garcia et al., 141 

2010).  These so-called rejuvenated lavas constitute the second major stratigraphic group 142 

on Kaua‘i, and are known collectively as the Koloa volcanics. 143 

Unlike some younger volcanic islands, Kaua‘i has experienced major structural 144 

deformation since the growth of its initial shield, including collapse of the Olokele 145 

Caldera near the center of the island, dropdown of the Makaweli graben in the 146 

southwestern part of the island, and formation of the Lihue basin on the eastern side of 147 

the island (Macdonald et al., 1960).  Some studies have suggested that Kaua‘i is not a 148 

single shield volcano but rather a composite of two shield volcanoes, on the basis of 149 

patterns in submarine rift zones and differences in Sr, Nd, and Pb isotopic compositions 150 

in basalts on the east and west sides of Kaua‘i (Clague, 1996; Holcomb et al., 1997; 151 

Mukhopadhyay et al., 2003). 152 

Kaua‘i’s complex structural history is reflected in its topography.  The eastern 10-153 

15 km of the island is dominated by the low-lying Lihue basin, which is interpreted to 154 

have formed by structural collapse rather than by fluvial erosion (Reiners et al., 1998).  155 

By contrast, the western 5-10 km of the island is dominated by short, narrow, steep-sided 156 

canyons incised into the Na Pali Member, and is interpreted as a fluvially dissected 157 

remnant of Kaua‘i’s earliest shield surface (Figure 1).  Between the eastern and western 158 

sides of the island stands the Olokele plateau, which is composed of nearly horizontal 159 
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caldera-filling lavas, and which has been incised with several canyons over 1 km deep 160 

(Macdonald et al., 1960). 161 

Kaua‘i’s climate is strongly affected by its topography.  During most of the year, 162 

trade winds blow from the northeast and are forced up the east-facing Wai‘ale‘ale 163 

escarpment near the center of the island.  The rising air is confined near the island’s 164 

summit at 1593 m by a subsidence inversion at an elevation of 1.8-2.7 km (Ramage and 165 

Schroeder, 1999), which forces the air to drop much of its moisture at the summit.  This 166 

produces a bulls-eye pattern in mean annual rainfall rates over the island, with high 167 

rainfall rates at the island’s center and low rainfall rates at the coast, superimposed upon a 168 

regional gradient with higher rainfall rates in the upwind northeastern half of the island 169 

than in the downwind southwestern half (Figure 2; PRISM Climate Group, Oregon State 170 

University).  This results in one of the largest and steepest rainfall gradients on Earth.  171 

Rainfall rates between 1949 and 2004 on Mt. Wai‘ale‘ale near the island’s center 172 

averaged 9.5 m/yr – among the highest on Earth – while rainfall rates between 1949 and 173 

2000 on the southwestern part of the island, just 25 km away, averaged 0.5 m/yr (Western 174 

Regional Climate Center). Given that a precipitation rate of 12.7 m/yr in Lloro, Colombia 175 

is often cited as the highest on Earth (e.g., Poveda and Mesa, 2000), the range of rainfall 176 

rates across Kaua‘i represents >70% of the range in rainfall rates on Earth.  The wide 177 

range in rainfall rates and minimal variations in lithology make Kaua‘i an excellent 178 

natural laboratory for investigating the effects of rainfall rates on erosion rates. 179 

 180 

METHODS: CALCULATING EROSION RATES 181 

Million-year erosion rates inferred from basin excavation and bedrock age 182 
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A common method for estimating basin-averaged erosion rates EV (M L-2 T-1) is 183 

to measure the volume V of material of density ρr eroded from a basin of area Ab over a 184 

given time interval Δt, as in Equation 1. 185 

! 

EV =
"rV
Ab#t   (1) 186 

If the time interval Δt is taken to be the time between the construction of the initial 187 

topography and the present, this technique requires accurate estimates of the initial 188 

topography, the present topography, and the timing of the onset of erosion.  This 189 

approach is amenable to application on young volcanic islands, because uneroded 190 

remnants of the volcano surface permit reconstruction of the pre-erosional volcano 191 

topography, and because many volcanic rocks are suitable for radiometric dating (e.g., 192 

Wentworth, 1927; Li, 1988; Ellen et al., 1993; Seidl et al., 1994; Hildenbrand et al., 193 

2008). 194 

Portions of Kaua‘i are suitable for such an approach.  The western flank of Kaua‘i 195 

along the Na Pali Coast and above the Mana Plain, for example, is dissected with 196 

numerous drainage basins that are short (4-10 km from headwaters to outlet) and narrow 197 

(1-2 km wide).  Rivers have incised narrow canyons into the centers of many of these 198 

drainage basins, and they have left relatively planar, minimally dissected topographic 199 

surfaces standing above and between many of the canyons, dipping toward the coast at 200 

gradients of 4-6°.  The bedrock in this region is basalt of the Na Pali Formation, which is 201 

considered to be the remnant flank of Kaua‘i’s first volcanic edifice, and, with a K-Ar 202 

age of 4.43 ± 0.45 Ma, is the oldest dated bedrock on Kaua‘i (McDougall, 1979). 203 

We used the minimally eroded interfluve surfaces in a 10-m digital elevation map 204 

(US National Elevation Dataset) to constrain the pre-erosional topography of each basin 205 
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along Kaua‘i’s western flank, similar to the approach that Seidl et al. (1994) and Stock 206 

and Montgomery (1999) used to estimate the vertical extent of river incision in the same 207 

region of Kaua‘i.  For each basin, we constructed a model of the pre-erosional 208 

topography in two steps.  First, we mapped the topography around the basin’s perimeter, 209 

including all neighboring remnants of minimally eroded topography and the basin 210 

ridgelines between the minimally eroded remnants.  We then fit a thin-plate smoothing 211 

spline (with smoothing parameter p = 1, corresponding to a natural cubic spline) across 212 

the basin, fixing the edges of the spline surface to the mapped topography around the 213 

basin’s perimeter.  Because the elevation of mapped perimeter may be as high as the 214 

initial topography but no higher, we consider the spline surface fit to the mapped 215 

perimeter to be a minimum bound on the elevation of the pre-erosional topography.  We 216 

then subtracted the present topography from the initial topography to calculate the rock 217 

volume eroded from the basin, divided the eroded volume by the basin area and the age 218 

of the bedrock, and multiplied by an assumed rock density of ρr = 3 g/cm3 to calculate a 219 

basin-averaged erosion rate (Equation 1; Table 1; Figure 2).  We assume, in Equation 1, 220 

that uncertainties in drainage area, eroded volume, and bedrock density are negligible 221 

relative to the uncertainties in bedrock age (Table 1).  This calculation does not include 222 

potential variations in basalt porosity, which would lower the bulk rock density and hence 223 

estimates of EV. 224 

 225 

Table 1: Basin-averaged erosion rates determined from rock volumes eroded since 226 

construction of the basin’s initial surface (Equation 1).  ID refers to basin 227 

identification numbers in Figure 2. Values for mean annual precipitation (MAP) 228 
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are basin averages (Daly et al., 2002; PRISM Climate Group).  Bedrock ages for 229 

lithologic units are: Na Pali formation 4.43 ± 0.45 Ma (McDougall, 1979); 230 

Olokele formation 3.95 ± 0.05 Ma (Clague and Dalrymple, 1988); Makaweli 231 

formation 3.91 ± 0.01 Ma (Clague and Dalrymple, 1988; Garcia et al., 2010); and 232 

Koloa volcanics in the Hanalei basin 1.50 ± 0.12 Ma (Clague and Dalrymple, 233 

1988; Garcia et al., 2010). 234 

 235 

Basin ID 

Area 
Ab 
(km2) 

Eroded 
volume 
V (km3) 

Bedrock 
age (Ma) 

MAP 
(mm/yr) 

Fraction fV of 
initial volume 
eroded (%) 

Erosion 
rate EV 
(t km-2 yr-1) 

Mana/Na 
Pali 

       

Awa‘awapuhi 1 2.70 0.154 4.43 ± 0.45 1337 5 36 ± 4 
Haeleele 2 5.64 0.362 4.43 ± 0.45 1189 9 43 ± 4 
Hanakapi‘ai 3 9.58 1.761 4.43 ± 0.45 3071 20 124 ± 13 
Hanakoa 4 4.92 0.464 4.43 ± 0.45 2286 10 64 ± 6 
Hikimoe 5 5.59 0.268 4.43 ± 0.45 1245 6 29 ± 3 
Hoea 6 19.46 0.910 4.43 ± 0.45 841 8 30 ± 3 
Honopu 7 3.29 0.613 4.43 ± 0.45 1187 20 124 ± 12 
Huluhulunui 8 1.51 0.027 4.43 ± 0.45 639 7 11 ± 1 
Kaawaloa 9 8.22 0.357 4.43 ± 0.45 918 7 29 ± 3 
Kaaweiki 10 4.49 0.273 4.43 ± 0.45 1157 8 35 ± 4 
Kahelunui 11 6.46 0.265 4.43 ± 0.45 913 6 25 ± 3 
Kahoaloha 12 6.23 0.257 4.43 ± 0.45 1111 5 26 ± 3 
Kalalau 13 10.45 3.633 4.43 ± 0.45 1479 33 217 ± 22 
Kapilimao 14 4.13 0.129 4.43 ± 0.45 668 10 21 ± 2 
Kauhao 15 7.62 0.793 4.43 ± 0.45 1280 12 64 ± 7 
Ka‘ula‘ula 16 5.26 0.254 4.43 ± 0.45 1153 6 29 ± 3 
Kuapa‘a 17 3.45 0.105 4.43 ± 0.45 707 9 21 ± 2 
Makaha 18 6.40 0.477 4.43 ± 0.45 1269 8 44 ± 4 
Miloli‘i 19 9.26 0.522 4.43 ± 0.45 1267 5 26 ± 3 
Nahomalu 20 9.97 0.356 4.43 ± 0.45 1038 5 24 ± 2 
Niu 21 2.83 0.108 4.43 ± 0.45 752 10 26 ± 3 
Nu‘alolo 22 6.42 0.536 4.43 ± 0.45 1290 11 66 ± 7 
‘Ohai‘ula 23 4.96 0.146 4.43 ± 0.45 899 6 20 ± 2 
Paua 24 1.92 0.023 4.43 ± 0.45 654 5 8 ± 1 
Wai‘aka 25 3.88 0.104 4.43 ± 0.45 688 8 17 ± 2 
Wailao 26 3.15 0.110 4.43 ± 0.45 752 9 26 ± 3 
Waipao 27 4.42 0.142 4.43 ± 0.45 720 8 22 ± 2 
        
Large basins        
Hanalei 28 60.04 11.69 – 1.50 ± 0.12, 3866 32 – 42 175 – 309 
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23.58 3.95 ± 0.05, 
4.43 ± 0.45 

Hanalei (east)   21.42 1.56 1.50 ± 0.12, 
4.43 ± 0.45 

3301 19 146 ± 12 

Hanalei 
(west) 

 38.62 10.13-
22.02 

3.95 ± 0.05, 
4.43 ± 0.45 

4179 39 – 55 192 – 400 

Hanapepe 29 67.83 13.28 3.95 ± 0.05, 
4.43 ± 0.45 

2897 29 133 ± 13 

Lumahai 30 35.63 15.78 3.95 ± 0.05, 
4.43 ± 0.45 

3716 45 335 ± 4 

Makaweli 31 68.70 13.39 3.91 ± 0.01, 
3.95 ± 0.05, 
4.43 ± 0.45 

2961 21 121 ± 3 

Waimea 32 150.97 28.38 3.91 ± 0.01, 
3.95 ± 0.05, 
4.43 ± 0.45 

1860 18 140 ± 3 

Wainiha 33 58.29 23.86 3.95 ± 0.05, 
4.43 ± 0.45 

3909 36 303 ± 9 

 236 

We calculated erosion rates for the six largest basins elsewhere on Kaua‘i – the 237 

Hanalei, Hanapepe, Lumahai, Makaweli, Waimea, and Wainiha basins – by the same 238 

general procedure, modified slightly to accommodate basins that contained multiple 239 

lithologies of distinct ages.  That is, we divided each of these large basins into regions 240 

based on the mapped lithologies in Sherrod et al., 2007 (Figure 1), assigned each region 241 

an age based on published bedrock ages (Table 1), and calculated an erosion rate for each 242 

region.  We then calculated basin-averaged erosion rates as the areally weighted mean of 243 

the sub-basin erosion rates. 244 

Calculating the basin-averaged erosion rate for the Hanalei basin required one 245 

further step, because the east side and the west side of the Hanalei basin do not share a 246 

single initial topographic surface.  The east side of the Hanalei basin dropped down 247 

relative to the west side some time after the Olokele caldera filled with lava (3.95 ± 0.05 248 

Ma), and was subsequently blanketed with alkalic lava at 1.50 ± 0.12 Ma (Clague and 249 

Dalrymple, 1988; Sherrod et al., 2007; Garcia et al., 2010).  It would therefore be 250 
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inappropriate to estimate the Hanalei basin’s initial topography with a single spline 251 

surface.  To account for the different structural histories in the east and west sides of the 252 

basin, we constructed independent spline surfaces for the east and west sides of the basin, 253 

calculated erosion rates for each side, and then calculated a basin-averaged erosion rate as 254 

the areally weighted mean of the two erosion rates.  This exercise yielded a range of 175-255 

309 t km-2 yr-1 for the Hanalei basin-averaged erosion rate, a range that primarily reflects 256 

uncertainties in the eroded volume in the western side of the basin where the initial 257 

topography is poorly constrained.  The only remnant topography near the western side of 258 

the Hanalei basin is the central plateau west of the southern headwaters and the ~2 km2 259 

Namolokama plateau between the Lumahai and Hanalei basins (Figure 3).  These 260 

plateaus constrain the initial elevation of the basin’s western edge, but they do not 261 

constrain the initial topography between the basin’s western edge and the Hanalei River.  262 

We therefore generated two spline surfaces to place upper and lower bounds on the initial 263 

topography of the western side of the Hanalei basin.  The upper bound was created by 264 

fitting a spline surface to the Namolokama and central plateaus and extrapolating that 265 

nearly horizontal surface out over the western Hanalei basin.  The lower bound was 266 

created by fitting a spline surface to the same plateaus plus the tributary ridgelines in the 267 

western Hanalei basin, which yielded a spline-fit surface that plunged down from the 268 

basin’s high-altitude western edge to the present-day river.  The upper- and lower-bound 269 

spline surfaces in the western Hanalei basin therefore yielded upper and lower bounds on 270 

the volume of rock that has been eroded, which in turn provide upper and lower bounds 271 

on erosion rates calculated with Equation 1. 272 

 273 
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Millennial erosion rates inferred from 3He in detrital olivine 274 

In basins where erosion proceeds at a steady incremental rate at the hillslope 275 

surface, basin-averaged erosion rates can be inferred from concentrations of cosmogenic 276 

nuclides in well-mixed stream sediment (Lal, 1991; Brown et al., 1995; Granger et al., 277 

1996; Bierman and Steig, 1996).  For cosmogenic 3He (hereafter 3Hec) in olivine, which 278 

is stable and produced through neutron spallation of Si, O, Mg, and Fe (Gosse and 279 

Phillips, 2001), the inferred erosion rate E3Hec (M L-2 T-1) is given by Eq. 2 (Lal, 1991). 280 

E3Hec = P3HecΛ/N   (2) 281 

Here P3Hec (atoms g-1 yr-1) is the production rate of 3Hec at the hillslope surface, and is 282 

calculated at each site as a function of latitude and altitude following established 283 

procedures (Balco et al., 2008; Goehring et al., 2010).  The attenuation constant Λ (160 ± 284 

10 g cm-2; Gosse and Phillips, 2001) is an empirical constant that describes the 285 

exponential attenuation of the cosmogenic neutron flux as it passes through matter, and N 286 

(atoms/g) is the concentration of 3Hec in olivine, with uncertainties derived from multiple 287 

helium measurements on aliquots of the same sample.  Erosion rates inferred from 3Hec 288 

concentrations are averaged over the characteristic timescale of 3Hec accumulation, 289 

Λ/E3Hec.  For an erosion rate of 160 t km-2 yr-1, for example, this characteristic timescale 290 

would be 10,000 years. 291 

We use Equation 2 to constrain millennial-scale erosion rates in the Hanalei basin, 292 

the only basin on Kaua‘i where fluvial sediment flux measurements provide a reliable 293 

estimate of modern erosion rates against which millennial-scale erosion rates may be 294 

compared.  We collected stream sediment samples at the site of the USGS gauging 295 

station in the Hanalei River (USGS gauge 16103000) and in four of the Hanalei River’s 296 
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tributaries (Figure 3).  After air drying sediment samples, olivine grains were hand-297 

picked under a microscope from the 0.520-4.76 mm size fraction for helium analysis.  298 

One of the sediment samples (HAN020A) was composed of pebbles <32 mm, which 299 

themselves were composed of a basalt matrix containing olivine phenocrysts, and we 300 

crushed the pebbles in this sample to the same 0.520-4.76 mm grain size to free olivines 301 

from the matrix.  The other four sediment samples were sand-sized and contained 302 

abundant free olivine grains and were not crushed before olivine picking.  Olivine grains 303 

were leached in a solution of 1% oxalic acid and 1% phosphoric acid at 80 °C for two 304 

hours, rinsed, dried, and then air-abraded for 15-20 minutes.  The purpose of these steps 305 

was to remove the outer 20-30 mm of the grains that may have implanted 4He from U and 306 

Th decay occurring outside the olivine grains in the basalt matrix. 307 

The total 3He concentration in an olivine grain collected at the Earth’s surface is 308 

the sum of 3Hec, magmatic 3He, and nucleogenic 3He.  Nucleogenic 3He is produced in 309 

olivine by reaction of lithium with epithermal neutrons (6Li + n  3H + α) followed by 310 

radioactive decay of tritium (3H  3He + β; t1/2 = 12 yr; Andrews et al., 1982).  311 

Nucleogenic 3He concentrations in the Hanalei olivines will, however, be quite low (≤ 2 312 

× 104 at/g) due to the low abundance of Li in the olivines (≤2 ppm; Table 2).  On the 313 

other hand, magmatic 3He (3Hemagmatic) trapped in melt and fluid inclusions is frequently 314 

the dominant source of 3He within the olivine crystal.  If 3Hemagmatic in the olivine crystals 315 

can be determined and nucleogenic 3He is negligible, then 3Hec can be calculated. 316 

We attempted to calculate 3Hec concentrations using standard laboratory procedures (e.g., 317 

Kurz, 1986); details of the analytical techniques have been published previously (Gayer 318 

et al., 2008). First, we crushed olivine grains under vacuum, which only releases the 319 
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magmatic He trapped in the melt and fluid inclusions and thereby allows us to determine 320 

the magmatic 3He/4He ratio. The crushed powders were then fused in a furnace, which 321 

liberates 3Hec, 3Hemagmatic, magmatic 4He and radiogenic 4He.  Here magmatic 4He is the  322 

4He trapped in olivine during crystallization from the magma, and radiogenic 4He is the 323 

amount of 4He that accumulated in the olivines from decay of U, Th and 147Sm since the 324 

olivines cooled below the closure temperature of He in olivine. 325 

  The 3Hec concentrations can then be related to the amount of He released during 326 

the furnace step (3Hefurnace) through the following equations: 327 

3Hec = 3Hefurnace – 3Hemagmatic – 3Henucleogenic     (3) 328 

and 329 

 3Hemagmatic = (4Hefurnace – 4Heradiogenic) (3He/4He)crush.   (4) 330 

We computed the concentrations of radiogenic 4He from measurements of U, Th, 331 

and Sm concentrations in the olivine aliquots by ICP-MS (Table 2), which yielded 332 

estimates of 3Hemagamtic through Equation 4.  However, in each of our samples, the 333 

calculated 3Hemagmatic concentration is larger than the measured 3Hefurnace concentration, 334 

indicating that the calculated concentrations of 3Hemagmatic are too large.  This in turn 335 

indicates that the radiogenic 4He concentrations computed from the U-Th-Sm 336 

concentrations in the olivines are too low compared to the actual amount of radiogenic 337 

4He released on fusing the olivine powders. Understanding the source of the additional 338 

radiogenic 4He in the olivine crystals will require additional research.  For the present 339 

study, we used the 3He content measured by fusing the olivine powders (3Hefurnace) as an 340 

upper bound on 3Hec (Equation 3).  Since 3Hec is inversely related to erosion rates 341 

(Equation 2), the upper bounds on 3Hec provide minimum bounds on erosion rates.  In 342 
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calculating minimum bounds for E3Hec, we used values for basin-averaged P3He calculated 343 

with the Lal/Stone scaling in the CRONUS calculator (Balco et al., 2008) assuming a sea-344 

level high-latitude production rate of 121 ± 11 atoms g-1 yr-1 (Goehring et al., 2010), and 345 

with topographic shielding corrections calculated at each pixel in a 10-meter DEM of the 346 

basin (Niemi et al., 2005; Balco et al., 2008; Gayer et al., 2008). 347 

We note that calculating basin-averaged erosion rates with Equation 2 carries an 348 

implicit assumption that olivine abundances in the material supplied to the channel 349 

network are spatially constant throughout the basin upstream of the sediment sampling 350 

site (e.g., Bierman and Steig, 1996).  We were unable to validate this assumption in the 351 

Hanalei basin because much of the basin is difficult to access on foot, which limited our 352 

field observations to channels and low-altitude ridgelines.  In the field we observed 353 

abundant olivine grains up to 3 mm in diameter in stream sediment at each of the sample 354 

sites, which indicates that at least a portion of the underlying basalt in each of the 355 

sampled basins contributed olivine grains to the channel network.  We also observed that 356 

soils on two low-altitude ridgelines in the northwestern Hanalei basin are olivine-poor, 357 

which suggests that in these low-altitude basins, olivines might be delivered to the 358 

channel primarily from non-soil sources, such as from slowly exhumed corestones, which 359 

we also observed on the same ridgelines.  Thus we do not argue that the supply of 360 

olivines to the channel network is constant in space within each sampled basin; our field 361 

observations are too limited in space to draw definitive conclusions about this.  362 

Validating that argument will require measuring olivine abundances in hillslope material 363 

throughout the Hanalei basin, including its high-gradient, high-altitude terrain.  In this 364 

analysis, we applied Equation 2 under the assumption that olivine abundances are 365 



	
   18	
  

spatially constant throughout the basin, and note that future determination of olivine 366 

sources within the Hanalei basin will permit reinterpretation of measured cosmogenic 367 

nuclide concentrations. 368 
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Table 2: Characteristics of detrital olivine samples for 3He analysis (Figure 3).  Latitude, longitude, and elevation indicate sites of stream sediment 369 
sampling, while bedrock age, mean hillslope gradient, mean annual precipitation (MAP), and cosmogenic 3He production rates (P3He) are means 370 
over the contributing basins.  Values for basin-averaged P3He were calculated with the Lal/Stone scaling in the CRONUS calculator (Balco et al., 371 
2008) assuming a sea-level high-latitude production rate of 121 ± 11 atoms g-1 yr-1 (Goehring et al., 2010), with topographic shielding corrections 372 
calculated at each pixel in a 10-meter DEM of the basin, following Niemi et al. (2005), Balco et al. (2008) and Gayer et al. (2008).  Concentrations 373 
of 7Li, 238U, 232Th, and 147Sm were measured by ICP-MS on aliquots of olivine grains, and were used to calculate concentrations of radiogenic 4He 374 
(4Herad; e.g., Farley, 2002).  Values of n are the number of olivine grains used in each analysis, and values of R/RA are the measured 3He/4He ratios 375 
(R) normalized by the atmospheric 3He/4He ratio (RA = 1.39 · 10-6).  Values of 3Hemagmatic were calculated with Equation 3 and 4 using 376 
(3He/4He)crush, the calculated value of 4Herad, and the measured concentrations of 4Hefurnace.   Minimum bounds on inferred erosion rates (Min. E3Hec) 377 
were calculated with Equation 2 by taking 3Hefurnace to be an upper bound on 3Hecosmogenic.  Uncertainties on Min. E3Hec were calculated by 378 
propagating uncertainties in P3He , 3Hefurnace, and the attenuation length scale Λ = 160 ± 10 g/cm2 (Gosse and Phillips, 2001).  Values marked n/d 379 
were not determined. 380 
 381 

 Sampling sites Isotopic concentrations in olivine 

Sample Latitude (°N) Longitude (°W) 
Elev. 
(m) 

Rock 
age 

(Ma) 

Mean 
slope 

(°) 
MAP 
(m/yr) 

Mean ± s.e. 
P3He 

(at g-1 yr-1) 
Mass 
(g) 

7Li 
(ppm) 

238U 
(ppb) 

232Th 
(ppb) 

147Sm 
(ppb) 

4Herad 
(109 at/g) 

HAN003 22° 5' 31.23" 159° 28' 55.92" 468 4.02 38.6 6.62 163 ± 15 0.1014 1.89 0.167 0.449 4.262 4.01 
HAN006 22° 5' 24.81" 159° 28' 24.34" 389 4.00 44.0 6.94 150 ± 14 0.0787 1.90 0.303 0.754 8.281 7.10 
HAN011 22° 9' 28.81" 159° 28' 25.67" 81 3.95 35.9 3.44 105 ± 10 n/d n/d n/d n/d n/d n/d 
HAN017 22°10' 46.62" 159° 27' 58.75" 23 3.04 31.3 4.26 115 ± 10 0.1017 1.87 0.184 0.408 5.384 3.20 
HAN020A 22° 9' 12.05" 159° 28 '19.12" 81 3.85 43.8 4.07 112 ± 10 0.1003 1.97 0.439 1.108 10.329 9.78 
 
 Helium measurements during crush Helium measurements during heating (mean ± s.e. of two analyses)  

Sample 
Mass 
(g) n 

3He 
(106 
at/g) 

4He 
(1010 
at/g) R/RA Mass (g) n 

3Hefurnace 
(105 at/g) 

4Hefurnace 
(1010 at/g) R/RA 

3Hemagmatic 
(105 at g-1) 

Min. E3Hec 
(t km-2 yr-1) 

HAN003 0.360 54 5.26 15.8 23.9 0.2134 ± 0.1073 99 ± 46 6.69 ± 0.09 2.48 ± 0.31 19.4 ± 2.4 6.91 ± 1.03 390 ± 43 
HAN006 0.398 77 2.61 6.84 27.5 0.2008 ± 0.0024 156 ± 79 18.17 ± 6.71 9.01 ± 0.54 14.5 ± 5.4 31.68 ± 2.08 132 ± 51 
HAN011 0.388 104 21.8 64.7 24.3 0.2400 ± 0.0180 130 ± 26 10.18 ± 1.47 7.53 ± 3.30 9.7 ± 4.5 n/d 165 ± 30 
HAN017 0.400 101 16.5 42.9 27.7 0.2569 ± 0.0008 167 ± 66 7.77 ± 1.66 5.36 ± 2.37 10.4 ± 5.1 19.42 ± 9.12 238 ± 57 
HAN020A 0.389 123 9.99 27.0 26.6 0.2456 ± 0.0134 212 ± 89 14.24 ± 1.99 5.00 ± 0.53 20.5 ± 3.6 14.88 ± 1.97 126 ± 22 

 382 



 

 

Modern erosion rates inferred from fluxes of sediment and solutes 383 

Basin-wide erosion rates can also be measured by monitoring the flux of rock-384 

derived material out of a river and via groundwater discharge to the ocean.  With the 385 

exception of a one-year gap from 1 October 2006 to 30 September 2007, suspended 386 

sediment fluxes Ess (M L-2 T-1) in the Hanalei River were measured daily from 1 October 387 

2003 to 30 September 2009 by the United States Geological Survey at USGS gauge 388 

16103000, four km southeast of the town of Hanalei (Figure 3; USGS National Water 389 

Information System).  These data permit calculation of a mean and standard error for the 390 

annual suspended sediment flux. 391 

The suspended sediment flux is, of course, only a portion of the total mass flux 392 

Eefflux from the Hanalei basin.  Additional mass is lost from the basin as fluvial bedload at 393 

a rate Ebed, as fluvial solutes at a rate Ewf, and as solutes in groundwater discharging 394 

directly to the ocean at a rate Ews. 395 

! 

Eefflux = E ss + Ebed + Ewf + Ews   (5) 396 

Neither solute fluxes nor bedload fluxes were monitored in the Hanalei basin 397 

during 2003-2009.  Previous measurements, however, permit estimation of solute fluxes 398 

in the Hanalei basin.  We estimate Ewf from Hanalei River solute flux measurements 399 

between 1971 and 1976 (Dessert et al., 2003), and we take Li’s (1988) estimate of 400 

Kaua‘i-averaged subsurface solute fluxes as representative of Ews in the Hanalei basin.  401 

Because neither Dessert et al. (2003) nor Li (1988) reported uncertainties on their 402 

estimates of solute fluxes, we conservatively assign uncertainties of 50% of the mean flux 403 

for each of Ewf and Ews.  In the absence of bedload flux measurements in the Hanalei 404 

basin or elsewhere on Kaua‘i, we tentatively take bedload fluxes at the Hanalei gauging 405 



 

 

station to be 10% of the physical sediment flux, a ratio that is commonly applied in other 406 

rivers (e.g., Dietrich and Dunne, 1978).  To be conservative, we further assume that the 407 

uncertainty on the bedload flux is half of the mean bedload flux.  That is, we assume that 408 

Ebed = (0.1 ± 0.05)Ess.  We emphasize that bedload to suspended load ratios can differ 409 

substantially among different rivers (e.g., Turowski et al., 2010), and that the true 410 

bedload to suspended load ratio in the Hanalei River is unconstrained by measurements.  411 

Future bedload flux measurements in the Hanalei River will be required to provide a 412 

basis for revising the assumed ratio. 413 

 414 

Modern erosion rates due to shallow landslides 415 

The rate of erosion due to landslides, EL (M L-2 T-1), can be calculated by 416 

summing the eroded mass of landslide-derived material over a known area A and dividing 417 

by the time interval Δt during which the landslides occurred (e.g., Hovius et al., 1997). 418 

! 

EL =

"
i=1

n

# Vi

A$t   (6) 419 

Here n is the number of landslides that occurred over Δt, ρ (M/L3) is the density of 420 

eroded material, and Vi (L3) is the volume of the ith landslide.  Because Equation 6 421 

implicitly assumes that all material eroded by a landslide is delivered to a channel, it 422 

yields an upper bound on short-term landslide-derived erosion rates. 423 

Our field observations of steep hillslopes in Kaua‘i’s Hanalei River basin suggest 424 

that shallow landslides are common and may be an important component of hillslope 425 

mass fluxes (Figure 4).  We use Equation 6 to estimate landslide-derived physical erosion 426 

rates by mapping landslide scars in repeat satellite images of the Hanalei basin (Figure 5; 427 



 

 

Table 3).  The first of these is a mosaic of two 0.6 m/pixel QuickBird satellite images 428 

acquired on 5 January 2004 and 14 October 2004, stitched together to ensure coverage of 429 

the entire Hanalei basin.  The second image, with a pixel size of 0.5 m, was acquired by 430 

the WorldView-2 satellite on 2 January 2010.  Because >94% of the landslide scars 431 

visible in the QuickBird mosaic appear in the 5 January 2004 image, we apply a Δt 432 

corresponding to the time difference between 5 January 2004 and 2 January 2010 (5.99 433 

years) in Equation 6.  This interval is close to the span of the USGS suspended sediment 434 

flux measurements, which extends from 1 October 2003 to 30 September 2009. 435 

 436 

Table 3: Statistics of satellite imagery and mapped landslide scars.  Values of n 437 

are estimates of the maximum and minimum bounds on the number of landslide 438 

scars in the mapped area.  Estimates of landslide physical erosion rate EL 439 

(Equation 6) and landslide frequency fL are based on the number of new landslide 440 

scars in the WorldView-2 image relative to the QuickBird image. 441 

Image Dates 
Resolution 
(m/pixel) 

Spectral bands 
used in mapping 

Visible basin 
area A (km2) 

Number of 
mapped scars 

QuickBird 
mosaic 

2004/1/5, 
2004/10/14 0.6 RGB, near-IR 52.80 285 – 697 

WorldView-2 2010/1/2 0.5 RGB, near-IR 49.65 142 – 286 
 

Time interval 
Number of 
new scars n 

New scar 
area (m2) 

New scar 
volume 

(m3) 

Mappable 
area A 
(km2) 

fL 
(scars km-2 

yr-1) 
EL 

(t km-2 yr-1) 
2004-2010 36-62 10,205 - 

13,733 
9023 - 
11,747 48.21 0.12 – 0.22 30 – 47 

 442 

 443 

We examined the QuickBird and WorldView-2 images at 1:1000 scale using their 444 

visible (red, green, blue) and near-infrared wavelengths, and mapped features that we 445 



 

 

considered to be landslide scars in both images (Figure 5).  This procedure for mapping 446 

landslide scars carries with it some ambiguity.  Although young scars are easily 447 

identifiable by their sharp edges and red-brown color, many older scars are partially 448 

revegetated, which in satellite imagery blurs the edges of scars and makes the color of 449 

scars a mixture of red-brown and green.  This makes it difficult to definitively identify 450 

features in satellite images as landslide scars.  This difficulty is most pronounced for 451 

small scars, which are common in the Hawaiian Islands.  Peterson et al. (1993) and Ellen 452 

et al. (1993), for example, reported mapping landslide scars on Oahu as small as 10 m2, 453 

which at the resolution of the QuickBird satellite image could be as small as 5 by 6 454 

pixels. 455 

To address the ambiguity inherent in identifying landslide scars in satellite 456 

imagery, we report two sets of landslide scar statistics to put upper and lower bounds on 457 

inferred landslide-derived erosion rates.  We did so by classifying the mapped landslide 458 

scars as “most certain” or “less certain,” based on the feature’s color and the sharpness of 459 

the boundary between the feature and its surroundings.  Although this classification is 460 

subjective, it permits identification of features that we consider most likely to be 461 

landslide scars, which permits estimation of upper and lower bounds on the number of 462 

landslide scars and hence landslide-derived erosion rates. 463 

Due to the large number of landslide scars and the inaccessibility of much of the 464 

study area, we were unable to measure the volume of each landslide scar in the field.  465 

Instead, we measured each scar’s planform area AL in the satellite images and estimated 466 

its volume V from an empirical relationship between volume and area in a global 467 

inventory of soil-based landslide scars (V = αAL
b, with best-fit values of log(α) = -0.44 ± 468 



 

 

0.02 (mean ± s.e.) and b = 1.145 ± 0.008 (mean ± s.e.); n = 2136; Larsen et al., 2010).  In 469 

our application of Equation 6, we assumed negligible uncertainties in Δt, ρ, and Α. 470 

 471 

Table 4: Sources of uncertainty in erosion rate estimates 472 

Method Sources of uncertainty 
Basin 
volume EV 
(Eq. 1) 

Bedrock ages (Table 1; McDougall, 1979; Clague and Dalrymple, 1988; Garcia et 
al., 2010) 

Bedrock density (uncertainty assumed negligible) 
Eroded volumes (uncertainties assumed negligible) 
Drainage areas (uncertainties assumed negligible) 

3He-based 
E3Hec  
(Eq. 2) 

Production rate P3Hec (Table 2; Goehring et al., 2010) 
Attenuation constant Λ (Table 2; Gosse and Phillips, 2001) 
3He concentrations (Table 2; s.e. of two measurements) 

Modern 
fluxes 
Eefflux 
(Eq. 5) 

Ess (Mean flux from USGS suspended sediment flux monitoring, 2003-2009; 
uncertainty is s.e. of annual fluxes, which yields 369 ± 114 t km-2 yr-1.) 

Ebed (Mean flux assumed to be 10% of suspended sediment flux; uncertainty 
assumed to be 50% of mean flux, which yields 37 ± 18.5 t km-2 yr-1.) 

Ewf (Mean flux from Dessert et al., 2003; uncertainty assumed to be 50% of mean 
flux, which yields 102 ± 51 t km-2 yr-1.) 

Ews (Mean flux from Li, 1988; uncertainty assumed to be 50% of mean flux, which 
yields 37 ± 18.5 t km-2 yr-1.) 

Landslide 
EL (Eq. 6) 

Scar volumes (area-volume scaling relationship V = αAL
b, with log(α) = -0.44 ± 

0.02 (mean ± s.e.) and b = 1.145 ± 0.008 (mean ± s.e.); Larsen et al., 2010) 
Soil density (field measurement; uncertainty assumed negligible) 
Basin area (uncertainty assumed negligible) 
Timespan between satellite images (uncertainty assumed negligible) 

 473 

RESULTS AND DISCUSSION 474 

Spatial patterns in Myr-scale erosion rates and precipitation rates across Kaua‘i 475 

Two main observations can be drawn from the pattern of Myr-scale erosion rates 476 

across Kaua‘i in Figure 2.  First, basin-averaged erosion rates EV vary by more than a 477 

factor of 40 across the island, from as high as 335 t km-2 yr-1 to as low as 8 t km-2 yr-1, 478 

with the lowest rates along the island’s west flank, the highest rates on the island’s north 479 

side, and intermediate rates in the large canyons draining to the south.  These Myr-scale 480 

erosion rates are positively correlated with modern basin-averaged mean annual 481 



 

 

precipitation rates, consistent with a positive influence of precipitation rates on erosion 482 

rates (Figure 2B).  Considering the absence of strong correlations between erosion rates 483 

and precipitation rates in several other compilations, (e.g., Walling and Webb, 1983; von 484 

Blanckenburg, 2005; Portenga and Bierman, 2011), this correlation is striking.  This 485 

correlation may be more apparent on Kaua‘i than elsewhere because the study basins 486 

have such a large range in precipitation rates but only small variations in potentially 487 

confounding factors like lithology and rock uplift rate.  We stress, however, that this 488 

correlation is only coarsely indicative of how rainfall rates should affect landscape 489 

evolution, because estimates of EV do not reveal which erosional processes are active or 490 

how sensitive each process is to rainfall rates.  Indeed, the dominant processes of erosion 491 

have likely changed over Kaua‘i’s lifespan, since mass fluxes on very young volcanic 492 

islands tend to be dominated by subsurface chemical weathering fluxes (e.g., Rad et al., 493 

2007; Schopka and Derry, 2012), while on older islands the dominant mass transport 494 

processes shift to bedrock river incision, soil creep, and landsliding (e.g., Wentworth, 495 

1943; Lamb et al., 2007).  Ultimately, incorporating the effects of precipitation rates into 496 

landscape evolution models will require quantifying how precipitation rates influence the 497 

rate coefficients for specific erosion processes like bedrock river incision and hillslope 498 

soil production and transport.  In the final section of this paper, we consider the 499 

implications of our measurements for large-scale relationships between climate, erosion, 500 

and tectonics. 501 

The second main observation in Figure 2 concerns the extent of basin excavation 502 

fV, which we define as the ratio of the eroded rock volume to the initial rock volume that 503 

was available to be eroded before erosion began – i.e., the volume of an imaginary wedge 504 



 

 

defined by the basin’s present-day lateral boundaries, the initial topographic surface, and 505 

sea level.  This ratio can be thought of as the basin’s fractional volume loss.  It is useful 506 

because it is less sensitive than EV to differences among basins in the local topography 507 

and thickness of the initial shield surface.  That is, because EV is calculated by dividing 508 

eroded volumes by basin area (Equation 1), EV may be partly dependent on the vertical 509 

thickness of rock that existed between the initial topographic surface and sea level, 510 

simply because more volume per unit basin area can be eroded from a thick wedge of 511 

rock than from a thin wedge.  Because some basins on Kaua‘i had larger initial 512 

thicknesses than others, the estimates of EV in Figure 2 may partly reflect differences in 513 

initial topography among basins, which may obscure the effects of climate on the 514 

efficiency of basin erosion.  Calculating fV, by contrast, involves normalizing eroded 515 

volumes by initial basin volume, which yields a measure of basin excavation that is 516 

independent of the basin’s initial topography.  As Figure 2C shows, the extent of basin 517 

excavation is positively correlated with modern mean annual precipitation rates above 518 

precipitation rates of ~1 m/yr.  Together, Figures 2B and 2C show that wetter basins have 519 

higher Myr-scale erosion rates than drier basins do, and that wetter basins have lost a 520 

larger fraction of their initial rock volume than drier basins have. 521 

Although most basins in Figure 2 lie along a power-law trend between erosion 522 

rate and mean annual precipitation, three basins draining to the Na Pali coast – Honopu, 523 

Hanakapi‘ai, and Kalalau – lie above this trend.  To the extent that Figure 2 implies that 524 

Myr-scale erosion rates ought to scale with mean annual precipitation, the deviation of 525 

these points from the trend suggests that these basins eroded anomalously quickly for 526 

their climatic settings relative to the other basins on Kaua‘i.  One possible explanation for 527 



 

 

the high erosion rates in these three basins is rapid knickzone retreat initiated by flank 528 

failure on the Na Pali coast.  Some studies have interpreted the existence of large 529 

knickzones in rivers draining to the Na Pali coast (and the absence of knickzones in 530 

similarly sized basins draining to Kaua‘i’s west coast) as evidence for a propagating 531 

wave of incision initiated by a massive flank failure on the Na Pali coast (e.g., Moore et 532 

al., 1989; Seidl et al., 1994; Stock and Montgomery, 1999), similar to the suggestion that 533 

a flank failure initiated a wave of incision on Hawaii’s Kohala coast (Lamb et al., 2007).  534 

Although our basin-averaged erosion rate measurements cannot confirm the occurrence 535 

or timing of a flank failure along the Na Pali coast, a rapidly propagating wave of river 536 

incision through the channel networks would have accelerated erosion of the neighboring 537 

hillslopes and generated erosional patterns that would be consistent with the erosional 538 

patterns in Figure 2. 539 

The basin-averaged precipitation rates in Figure 2 are inferred from rainfall 540 

measurements made over the past few decades (Daly et al., 2002; PRISM Climate Group, 541 

Oregon State University), an interval that is far shorter than the ~4 Myr associated with 542 

the basin-averaged erosion rates.  This difference in timescales is important because 543 

spatial patterns in precipitation rates may have differed in the past, which would mean 544 

that Kaua‘i’s topography evolved to its present state under a time-varying climate that 545 

differed from the present climate.  For instance, precipitation rates may have varied in 546 

response to changes in regional climate, changes in the elevation of the atmospheric 547 

temperature inversion, and changes in the island’s topography as it subsided and was 548 

carved by rivers (e.g., Hotchkiss et al., 2000; Chadwick et al., 2003).  Thus the degree to 549 

which spatial patterns in modern precipitation rates are representative of spatial patterns 550 



 

 

in paleoprecipitation rates depends on the degree to which the factors that controlled 551 

paleoprecipitation rates – i.e., the dominant wind direction and the elevation of the 552 

topography relative to that of the atmospheric inversion – were similar to those factors 553 

today. 554 

Unfortunately, there is only limited observational evidence to constrain past wind 555 

conditions and the paleoelevation of Kaua‘i relative to the atmospheric inversion over the 556 

past 5 Myr (e.g., Gavenda, 1992).  The orientation of lithified sand dunes (Stearns, 1940; 557 

Stearns and Macdonald 1942; 1947; Macdonald et al., 1960; Porter, 1979) and the 558 

asymmetry of pyroclastic cones (Wentworth, 1926; Winchell, 1947; Porter, 1997) 559 

elsewhere in the Hawaiian Islands suggest that regional winds during glacial periods were 560 

dominated by northeasterly trade winds, as they are today.  The existence of submarine 561 

terraces encircling Kaua‘i have been interpreted as an indication that Kaua‘i has subsided 562 

800-1400 m since submersion of the terraces (Mark and Moore, 1987; Flinders et al., 563 

2010).  There are no quantitative constraints on the atmospheric inversion layer altitude 564 

over time, but palynological evidence on Oahu suggests that low- to mid-elevation 565 

windward sites received more precipitation during glacial periods than at present, which 566 

has been interpreted as an indication that the inversion layer was lower during glacial 567 

periods than at present (Hotchkiss and Juvik, 1999).  These observations suggest that a 568 

portion of Kaua‘i may have spent some time above the atmospheric temperature 569 

inversion over the past 4-5 Myr, given that (1) the modern elevation of the atmospheric 570 

temperature inversion fluctuates between ~1800 m and ~2700 m (Ramage and Schroeder, 571 

1999); (2) Kaua‘i’s highest point is currently at an elevation of 1593 m; (3) Kaua‘i was 572 

likely 800-1400 m higher before subsidence; and (4) the atmospheric inversion was likely 573 



 

 

at lower altitudes during glacial periods.  If this is true, then the portion of the island 574 

above the temperature inversion may have been drier than sites below the inversion, and 575 

the spatial pattern of precipitation rates across Kaua‘i may have differed from that at 576 

present. 577 

Hotchkiss et al. (2000) attempted to account for changes in topography, regional 578 

climate, and the atmospheric inversion altitude in a model of soil development at one site 579 

on Kaua‘i’s Kokee ridge, and concluded that the mean annual precipitation rate at that 580 

site over the past 4.1 Myr was roughly 87% of the present-day mean annual precipitation 581 

rate, which suggests that modern rainfall rates may be similar to those over the past 4.1 582 

Myr.  To the extent that their model is accurate and Kokee Ridge is representative of 583 

Kaua‘i as a whole, this model result suggests that modern precipitation rates may be a 584 

reasonable proxy for the paleoprecipitation rates that influenced Kaua‘i’s topographic 585 

evolution. 586 

Irrespective of how spatial patterns in precipitation rates across Kaua‘i have 587 

evolved over the past 4-5 Myr, there remains a positive correlation between the Myr-588 

scale basin-averaged erosion rates in Figure 2B and modern basin-averaged precipitation 589 

rates.  Such a strong correlation would be surprising if spatial patterns in 590 

paleoprecipitation rates were very different from those at present.  If that were the case, 591 

the correlation in Figure 2B would imply that erosion rates were controlled by factors 592 

other than mean annual precipitation that fortuitously covaried with modern mean annual 593 

precipitation.  There are, however, no obvious non-climatic factors (e.g., lithology, rock 594 

uplift rates) that covary with mean annual precipitation across Kaua‘i and which might 595 

strongly affect erosion rates.  We acknowledge that it is possible that other moments of 596 



 

 

precipitation, such as storminess, might also covary with mean annual precipitation and 597 

might influence long-term erosion rates (e.g., DiBiase and Whipple, 2011), but the 598 

simplest explanation for the correlation in Figure 2B is a dependence of erosion rates on 599 

mean annual precipitation. 600 

 601 

Modern, million-year, and millennial erosion rates in the Hanalei basin 602 

Annual suspended sediment discharges at the Hanalei River monitoring station 603 

(USGS gauge 16103000) between 2003 and 2009 range from 153 t km-2 yr-1 to 690 t km-2 604 

yr-1, with a mean and standard error of Ess = 369 ± 114 t km-2 yr-1.  Dessert et al. (2003) 605 

reported 1971-1976 USGS measurements of runoff (3.6 m/yr) and total dissolved solids 606 

(28.3 mg/l) in the Hanalei River, which imply a fluvial solute flux of 102 t km-2 yr-1.  In 607 

the absence of measurements on atmospheric solute inputs or changes in intra-basin 608 

solute storage over the same time period, we take this to be representative of the fluvial 609 

chemical erosion rate Ewf.  Li (1988) estimated that groundwater discharge to the ocean is 610 

responsible for an additional Ews = 37 t km-2 yr-1 of subsurface solute losses across 611 

Kaua‘i, calculated as the product of the island-average groundwater recharge rate and the 612 

mean chemical composition of groundwater.  For the purposes of estimating the total 613 

mass flux in the Hanalei basin, we tentatively assume that fluvial solute fluxes in the 614 

Hanalei basin in 2003-2009 were comparable to those in 1971-1976, and that subsurface 615 

chemical erosion rates in the Hanalei basin match the island-wide subsurface chemical 616 

erosion rate in Li (1988).  This is an approximation.  Fluvial solute fluxes between 2003 617 

and 2009 might have differed from those between 1971 and 1976, and subsurface solute 618 

fluxes from the Hanalei basin (which is wetter than most basins on Kaua‘i) might differ 619 



 

 

from island-average subsurface solute fluxes.  Neither Dessert et al. (2003) nor Li (1988) 620 

reported uncertainties on the reported solute fluxes, despite a number of potential sources 621 

of error in the determination of fluvial and subsurface solute fluxes (e.g., uncertainties in 622 

evapotranspiration rates, atmospheric solute deposition rates, and short-term changes in 623 

solute storage in biota or the subsurface).  To be conservative, we apply 50% 624 

uncertainties to both the fluvial and subsurface solute flux estimates, and calculate the 625 

Hanalei basin’s total chemical erosion rate as Ewf + Ews = (102 ± 51 t km-2 yr-1) + (37 ± 626 

18.5 t km-2 yr-1) = 139 ± 54 t km-2 yr-1.   627 

These estimates can be compared with Kaua‘i-wide estimates of surface and 628 

groundwater fluxes of dissolved silica and total alkalinity (Schopka and Derry, 2012).  629 

We convert Schopka and Derry’s reported fluxes from mol/yr to t km-2 yr-1 using the area 630 

of Kaua‘i (1437 km2), a molar mass of 60.08 g/mol for silica, and an average molar mass 631 

of 63.1 g/mol for total alkalinity (i.e., the average molar mass of the oxides of the major 632 

cations that balance the charge in the total alkalinity (Na2O, K2O, CaO, and MgO)).  With 633 

this conversion, we calculate that Schopka and Derry’s Kaua‘i-wide estimates of surface 634 

solute fluxes (68 ± 20 t km-2 yr-1) and groundwater solute fluxes (33 ± 9 t km-2 yr-1) agree 635 

with our estimates within uncertainty, which suggests that our estimates of solute fluxes 636 

in the Hanalei basin are of reasonable magnitude.  In the absence of empirical constraints 637 

on bedload fluxes in the Hanalei basin or elsewhere on Kaua‘i, we tentatively take 638 

bedload fluxes at the Hanalei gauging station to be 10 ± 5% of the physical sediment 639 

flux, for a physical sediment flux of Ess + Ebed = (369 ± 114 t km-2 yr-1) + (0.1 ± 640 

0.05)(369 ± 114 t km-2 yr-1) = 406 ± 116 t km-2 yr-1.  Combining these estimates yields a 641 



 

 

total mass flux of Eefflux = (406 ± 116 t km-2 yr-1) + (139 ± 54 t km-2 yr-1) = 545 ± 128 t 642 

km-2 yr-1 from the Hanalei basin. 643 

Because suspended sediment fluxes were monitored in the Hanalei basin only 644 

from 2003 to 2009, it is not possible to directly quantify how representative sediment 645 

fluxes during this period were relative to those during the previous decades.  However, 646 

water discharges measured in the Hanalei River during 58 years of monitoring up to the 647 

present suggest that the basin did not experience unusually intense storms during the 648 

2003-2009 period (USGS National Water Information System).  The Hanalei River’s 649 

largest peak discharge during the 2003-2009 monitoring period occurred in February 650 

2006, and it had an intensity that is exceeded by 19 floods during the 58 years on record, 651 

including two floods that occurred after suspended sediment monitoring ended in 2009.  652 

Thus, the Hanalei River’s hydrologic monitoring record suggests that the largest floods 653 

between 2003 and 2009 were not unusually large relative to floods before or since, which 654 

in turn suggests that our estimates of Hanalei mass fluxes during this interval are unlikely 655 

to be skewed high by the 2006 storm event. 656 

These calculations suggest that modern mass fluxes from the Hanalei basin (545 ± 657 

128 t km-2 yr-1) are at least 1.8 ± 0.5 and at most 3.1 ± 0.8 times faster than mass fluxes 658 

from the Hanalei basin averaged over the past several million years (which have 659 

minimum and maximum bounds of 175 t km-2 yr-1 and 309 t km-2 yr-1, respectively; Table 660 

1).  By comparison, minimum bounds on kyr-scale erosion rates E3Hec based on 3He 661 

concentrations in detrital olivine range from >126 to >390 t km-2 yr-1 (Table 2).  As 662 

described in the Methods section, these are minimum bounds on erosion rates because 663 

they rest on the assumption that all the measured 3He is cosmogenic.  These erosion rates 664 



 

 

may be considered averages over characteristic timescales Λ/ E3Hec of <12.7 kyr to <4.1 665 

kyr, respectively.   666 

These estimates of E3Hec differ among tributary basins by a factor of three, which 667 

we suggest is not large; such differences in cosmogenically-inferred erosion rates are 668 

common among small tributary basins (e.g., Ferrier et al., 2005).  The basin-to-basin 669 

differences in E3Hec may reflect inter-basin differences in erosion rates or radiogenic 4He 670 

concentrations, or they may reflect intra-basin variability in 3He concentrations and the 671 

relatively small number (n ~ 100) of olivine grains in the samples in which 3He 672 

concentrations were measured (e.g., Gayer et al., 2008).  These minimum bounds on 673 

millennial-scale erosion rates bracket the only other basin-averaged erosion rates inferred 674 

from detrital 3Hec on Kaua‘i (168 t km-2 yr-1 in the Waimea River; Gayer et al., 2008), 675 

and are similar to the estimates of Myr-scale erosion rates in the Hanalei basin and the 676 

Waimea basin (Table 1).  The measured 3He concentrations offer no upper bounds on 677 

kyr-scale erosion rates, but the minimum bounds on E3Hec are consistent with the 678 

possibility that erosion rates in the Hanalei basin over the past few thousand years were 679 

comparable to erosion rates in the Waimea basin over the past few thousand years, as 680 

well as to erosion rates in the Hanalei basin over the past few million years. 681 

The most relevant 3He-based erosion rate to compare to modern stream sediment 682 

fluxes is the rate of >238 t km-2 yr-1 at site HAN017 (Figure 3), because this sample was 683 

collected at the site of the USGS Hanalei River gauging station and therefore averages 684 

over the same drainage area (47.9 km2 of the Hanalei basin’s total drainage area of 60.0 685 

km2) as the modern suspended sediment fluxes do.  What fraction of the modern mass 686 

flux should the 3He-based erosion rates be compared to?  Erosion rates inferred from 3Hec 687 



 

 

concentrations are representative of mass losses over the characteristic depth of 3Hec 688 

accumulation, Λ/ρ, where ρ is the density of the material in which the cosmogenic 689 

neutron flux generates 3Hec.  In soils with a density of 1.1 g/cm3 – our field-measured soil 690 

density in the Hanalei basin – the characteristic thickness of the 3Hec accumulation zone 691 

is 1.45 m.  Measured 3Hec concentrations in such a field setting thus mainly reflect mass 692 

loss rates in the upper few meters below the Earth’s surface, and are insensitive to mass 693 

losses that may be occurring at greater depth, such as those occurring by chemical 694 

erosion in deep weathering profiles (e.g., Dixon et al., 2009; Ferrier et al., 2010).  695 

Consequently, 3He-based erosion rates should be compared to the sum of the physical and 696 

chemical erosion fluxes that occur in the upper few meters below the hillslope surface. 697 

We are unaware of field constraints on the depths of chemical weathering fluxes 698 

in the Hanalei basin, and therefore cannot say definitively how much of the chemical 699 

weathering fluxes in the Hanalei basin are generated within the upper few meters below 700 

the hillslope surface.  Mass fluxes inferred from 3He concentrations in olivine are thus 701 

open to a range of interpretations between two end-member scenarios.  In one end-702 

member scenario, all the chemical erosion in the basin happens within a few meters of the 703 

hillslope surface (i.e., the zone in which cosmogenic 3He accumulates).  In this case, 704 

measured 3He concentrations should be interpreted as reflecting the sum of physical and 705 

chemical erosion rates, and 3He-based erosion rates should be compared to modern total 706 

mass fluxes.  Under this interpretation, modern total erosion rates in the Hanalei basin 707 

(545 ± 128 t km-2 yr-1) would be <2.3 ± 0.5 times faster than the 3He-based erosion rates 708 

(>238 t km-2 yr-1).  In the second end-member scenario, chemical erosion happens only at 709 

depth, below the 3He accumulation zone.  In this case, 3He concentrations should be 710 



 

 

interpreted as reflecting physical erosion rates but not chemical erosion rates, and 3He-711 

based erosion rates should be compared to modern physical erosion rates (406 ± 116 712 

t km-2 yr-1), which are <1.7 ± 0.5 times faster than the 3He-based erosion rate.  Between 713 

these two end-member scenarios lie a range of intermediate scenarios in which a portion 714 

of the chemical weathering flux happens within the 3He accumulation zone and a portion 715 

happens below it.  We therefore interpret modern erosional fluxes within the 3He 716 

accumulation zone to be between <2.3 ± 0.6 and <1.7 ± 0.5 times faster than average 717 

mass fluxes in this zone over the past several thousand years in the Hanalei basin.  That 718 

is, these data suggest that modern erosion rates in the Hanalei basin are elevated above 719 

millennial-scale erosion rates by approximately a factor of two, but they do not rule out 720 

the possibility that modern and millennial-scale erosion rates are the same. 721 

In sum, the collection of erosion rates imply that modern erosion rates in the 722 

Hanalei basin are <1.7 ± 0.5 to 3.1 ± 0.8 times faster than erosion rates averaged over the 723 

past several thousand to several million years (Figure 6; Table 5).  These long-term 724 

erosion rate estimates provide a baseline for management of the Hanalei basin.  Both kyr-725 

scale and Myr-scale erosion rates are substantially higher than recommended sediment 726 

fluxes implied by total maximum daily loads (TMDL) for total suspended solids in the 727 

Hanalei River (Hawaii Department of Health, 2008).  Target TMDL limits for total 728 

suspended solid fluxes in the Hanalei estuary are as low as 1.58 t/day during dry season 729 

baseflow and as high as 3.24 t/day for wet season storms at the 2% not-to-exceed level, 730 

which, given the Hanalei basin’s drainage area of 60.04 km2, correspond to annual 731 

suspended sediment fluxes of 9.7-19.7 t km-2 yr-1 (Hawaii Department of Health, 2008).  732 

If suspended sediment fluxes constitute roughly two-thirds of the Hanalei basin’s long-733 



 

 

term mass flux, as we estimate they do at present (369 t km-2 yr-1/545 t km-2 yr-1 = 68%), 734 

then the TMDL recommendations imply total annual mass fluxes of 14.4-29.3 t km-2 yr-1.  735 

Hence, the TMDL-recommended levels for total suspended solid fluxes in the Hanalei 736 

River are at least 8-17 times lower than kyr-scale average suspended sediment fluxes 737 

implied by our 3He measurements.  Given the high natural sediment flux background, 738 

meeting the TMDL recommended levels for the Hanalei River may be a significant 739 

challenge.  We stress that this result applies only to the Hanalei River and not to other 740 

rivers on Kaua‘i, since the absence of modern fluvial sediment flux measurements in 741 

other basins prevents the direct comparison of long-term and short-term erosion rates in 742 

all basins on Kaua‘i except the Hanalei. 743 

 744 

Alternative interpretations of 3He data under hypothetical scenarios 745 

The estimates of E3Hec in Table 2 were calculated under the assumption that the 746 

sampled olivines were derived from sources that were uniformly distributed throughout 747 

the basins.  We do not have field observations that would justify alternative 748 

interpretations, as olivine sands are abundant throughout the Hanalei basin, and shield 749 

stage flows from Kaua‘i are generally olivine rich (Mukhopadhyay et al., 2003; Gayer et 750 

al., 2008).  Nonetheless, we can consider a few hypothetical scenarios in which olivines 751 

are not uniformly distributed within the sampled basins, to show that estimates of E3Hec in 752 

such scenarios are not likely to differ greatly from those in Table 2.  Consider, for 753 

example, the 1.73 km2 basin above sample HAN003, in which the uppermost 0.31 km2 of 754 

the basin stands atop the high-altitude, low-gradient Wai‘ale‘ale plateau.  Because the 755 

plateau has a much shallower gradient than the rest of the HAN003 basin, it is 756 



 

 

conceivable that the part of the basin atop the plateau might have contributed relatively 757 

little olivine to the sampled stream sediment.  If we consider an extreme scenario in 758 

which none of the sampled olivines were derived from the plateau, then a different 759 

estimate of E3Hec can be calculated with Equation 2 by using the mean value of P3Hec in 760 

the part of the basin that lies below the plateau (i.e., P3Hec = 146 at g-1 yr-1).  Because this 761 

value of P3Hec is 90% as high as the mean P3Hec in the entire basin, the revised estimate of 762 

minimum E3Hec would be 90% as fast as that reported in Table 2.  If we apply the same 763 

hypothetical scenario to the samples HAN006 and HAN020A, in which high-altitude 764 

plateaus comprise 2.4% and 0.9% of the basin areas, respectively, we calculate estimates 765 

of E3Hec that are 1.5% and 1.2% slower, respectively, than the reported estimates in Table 766 

2.  The sample HAN011 would require no similar reinterpretation because no low-767 

gradient plateaus exist within that basin. 768 

One can consider a similar hypothetical scenario for the main stem sample 769 

HAN017.  Because the topography in the western side of the Hanalei basin is 770 

considerably steeper than that on the eastern side, it is conceivable that erosion rates 771 

might be higher on the western side of the basin, and that more olivines might be 772 

contributed to the channel network from the western side of the basin.  If we consider an 773 

extreme scenario in which all the sampled olivines at HAN017 were derived from the 774 

western side of the Hanalei basin, then the appropriate value of P3Hec to apply in Equation 775 

2 would be the mean value of P3Hec in the western side of the basin.  The mean value of 776 

P3Hec in the western side of the basin is 3% higher than the mean value of P3Hec 777 

throughout the entire basin, and consequently the estimate of E3Hec would be 3% higher 778 

than that reported in Table 2 (i.e., >245 ± 59 t km-2 yr-1).  Since, in this scenario, 779 



 

 

millennial-scale erosion rates on the eastern side of the basin (which composes 40% of 780 

the basin area) would be unconstrained by the 3He measurements, this would permit the 781 

possibility that millennial-scale erosion rates might be as high as modern mass fluxes in 782 

the Hanalei basin (545 ± 128 t km-2 yr-1).  For this to be the case, however, millennial-783 

scale erosion rates in the eastern side of the basin would have to average 1000 t km-2 yr-1, 784 

over four times as fast as erosion rates in the western side of the basin.  We consider this 785 

unlikely, given that average hillslope gradients in the eastern side of the basin are 786 

shallower than those on the western side.  Thus, even in extreme scenarios in which no 787 

olivines were contributed to the channel network from either the high-altitude plateaus or 788 

the east side of the Hanalei basin, the resulting estimates of E3Hec would differ from those 789 

in Table 2 by no more than 10%. 790 

A second set of hypothetical scenarios concerns the depths from which olivines 791 

were eroded from the hillslope.  As noted in the Methods section, we observed abundant 792 

olivine grains in stream sediment at each of the sample sites.  This contrasts with 793 

observations of olivine-poor soils elsewhere on Kaua‘i and other Hawaiian islands, which 794 

suggest that olivines weather to completion in many Hawaiian soils, at least in lower-795 

gradient soils with longer residence times than those that dominate the Hanalei basin 796 

(e.g., Vitousek et al., 1997; Chadwick et al., 1999; 2003).  The absence of olivines in 797 

other Hawaiian soils and the presence of landslide scars throughout the study basins raise 798 

the possibility that the olivines in Hanalei stream sediment may not be derived from 799 

hillslope soils, but instead may be derived from less weathered material excavated at 800 

depth (e.g., by landslides or rockfall).  If this were the case, olivines would experience a 801 

shorter cosmogenic exposure history than is implicitly assumed by Equation 2, which is 802 



 

 

derived from an assumption that the sampled olivines were exhumed steadily from depth 803 

all the way to the hillslope surface (Lal, 1991).  That is, if the sampled olivines had been 804 

sourced only from the base of landslide scars, erosion rates calculated with Equation 2 805 

would overestimate the true erosion rates. 806 

We cannot evaluate the likelihood of this scenario directly, because we do not 807 

have field measurements of soil olivine abundances throughout the study basins.  We can, 808 

however, consider an extreme scenario in which all the olivines in stream channels are 809 

derived from material at the base of landslide scars, and evaluate how this would affect 810 

estimates of erosion rates calculated with Equation 2.  That is, we can consider a scenario 811 

in which the sampled olivines are excavated from the base of landslide scars of thickness 812 

H, and are deposited in the channel network without further exposure to cosmogenic 813 

radiation.  The hillslopes in this scenario erode steadily before landsliding; that is, we do 814 

not consider temporal fluctuations in erosion rates that would cause 3He concentrations to 815 

fluctuate about a long-term mean (e.g., Bierman and Steig, 1996; Ferrier and Kirchner, 816 

2008).  In this scenario, Equation 2 can be used to estimate pre-landslide erosion rates if 817 

P3Hec is taken to be the production rate of 3Hec at the base of the landslide scar, rather 818 

than at the hillslope surface (e.g., Heimsath et al., 1997).  At the base of a landslide scar, 819 

P3Hec is lower than that at the hillslope surface by a factor of exp(-ρsH/Λ), where ρs is the 820 

soil density and Λ is the attenuation length scale of cosmogenic neutrons (e.g., Gosse and 821 

Phillips, 2001).  For H = 44 cm (the mean thickness of 20 landslide scars examined by 822 

Scott (1969) in Oahu’s Koolau Range) and ρs = 1.1 g/cm3 (our field-measured soil 823 

density in the Hanalei basin), P3Hec at the base of the landslide scars would be 74% as fast 824 

as that at the surface.  Erosion rates prior to landsliding in this extreme scenario would 825 



 

 

therefore be 26% slower than the estimated erosion rates in Table 2.  Considering that 826 

Myr-scale estimates of erosion rates vary by a factor of 40 across Kaua‘i (Figure 2), we 827 

suggest that the differences between estimated and actual erosion rates in this scenario 828 

would be relatively small. 829 

Lastly, we consider a hypothetical scenario for sample HAN003, whose 3He-830 

based erosion rate of >390 ± 43 t km-2 yr-1 is 1.6-3.1 times faster than those in the other 831 

four sample basins.  This is a relatively small spatial variation in erosion rates; 832 

differences of at least this size are common among basin-averaged erosion rates in similar 833 

studies (e.g., Granger et al., 1996; Kirchner et al., 2001; Hewawasam et al., 2003; Ferrier 834 

et al., 2005; Norton et al., 2010; DiBiase and Whipple, 2011).  However, we 835 

acknowledge that it is theoretically possible that 3He concentrations in olivines in the 836 

HAN003 basin might be influenced by a deep-seated landslide that can be seen in the 837 

topography high in the basin.  If this deep-seated landslide were currently creeping 838 

downslope, it might be contributing olivines with low 3He concentrations from depth 839 

directly to the channel, which would cause the estimated erosion rate to be higher than 840 

the true basin-averaged erosion rate.  We are unaware of evidence that would suggest that 841 

this is actually occurring, as the absence of disturbed vegetation on the deep-seated 842 

landslide in the satellite images suggests it is not a very recent failure.  We note, 843 

however, that because the measured 3He concentration in each sample is an average over 844 

many olivine grains (Table 2), the extent to which such a process could bias the estimated 845 

erosion rate would depend on the fraction of the sampled olivines that were sourced from 846 

the deep-seated landslide (e.g., Brown et al., 1995; Bierman and Steig, 1996).  Future 847 



 

 

field measurements will be required to determine if the landslide is in fact creeping down 848 

slope and whether it is a major source of 3He-poor olivines. 849 

 850 

Table 5: Erosion rates in the Hanalei basin, Kaua‘i. 851 

Method 
Rate 
(t km-2 yr-1) Timescale Comments 

Volumetric 
excavation 
  

175 – 309 
(range) 

1.5-4.43 
Myr 

Range in rates from minimum and maximum 
estimates of initial topography  

3He in detrital 
olivines 
  

126 – 390  
(minima) 

4-13 kyr 
(maxima) 

Range in rates over the five sampled 
catchments; each is a minimum estimate 

Fluvial and 
subsurface fluxes 
(2003-2009) 
  

545 ± 128 
(mean ± s.e.) 

5 years Suspended sediment (USGS) + bedload 
(assumed) + fluvial solutes (Dessert et al., 
2003) + groundwater solutes (Li, 1988) 

Landslide scars 
(2004-2010) 

30 – 47 
(range) 

5.99 years Assumes 100% delivery of landslide material 
to streams 

 852 

 853 

Erosion by shallow landsliding in the Hanalei basin 854 

Comparing the landslide inventories in the QuickBird and WorldView-2 images 855 

revealed 62 new scars in the 2010 image that were not visible in the 2004 image, 36 of 856 

which we classified as “most certain”, and 26 of which we classified as “less certain”.  857 

We calculated minimum bounds on landslide-derived physical erosion rates with 858 

Equation 6 from the subset of 36 “most certain” scars, and calculated maximum bounds 859 

on landslide-derived physical erosion rates from the entire set of 62 new scars.  Given an 860 

area of 48.21 km2 that was jointly mappable in both satellite images, the 5.99-year time 861 

interval between the QuickBird and WorldView-2 images, and our field-measured soil 862 

density of 1.1 g/cm3, the number of new landslide scars in the WorldView-2 image 863 

relative to the QuickBird image implies a landslide-derived physical erosion rate of 864 

EL = 30-47 t km-2 yr-1 over the entire Hanalei basin.  If we approximate the flux of 865 



 

 

landslide-derived material to be a source of physical sediment but a negligible source of 866 

solutes, a landslide-derived erosion rate of 38.5 ± 8.5 t km-2 yr-1 represents 10 ± 4% of the 867 

basin’s physical sediment flux that was measured at the USGS monitoring station over 868 

roughly the same interval (406 ± 116 t km-2 yr-1). 869 

Implicit in the above calculation of EL is an assumption that the area of each 870 

mapped scar is the area from which material was excavated, and does not include areas 871 

where landslide-derived material was deposited.  Such an assumption may not be 872 

warranted in all cases, as observations of landslide scars in the Hanalei basin during low-873 

altitude helicopter flights suggest that material may be deposited at the toes of some 874 

landslide scars (Stock and Tribble, 2010).  In Figures 4A and 4B, for example, roughly 875 

5% of the area of the two longest scars appears to be blanketed by deposits at their toes, 876 

while approximately 40% of the area of the smaller scar in Figure 4A appears to be 877 

covered by deposits at its toe.  We do not have measurements of deposit size in all the 878 

landslide scars in the Hanalei basin, but our photographs of scars from helicopter surveys 879 

suggest that deposits cover <10% of the total scar area in most scars.  In our mapping of 880 

landslide scars we did not attempt to estimate the fraction of each scar’s area that was 881 

covered by deposit, because it was not possible to distinguish between source area and 882 

deposit at the resolution of the satellite images (Figure 5).  Instead, we note that a fraction 883 

of the area of each mapped scar may consist of deposit, and stress that the estimate of EL 884 

should be considered an upper bound on the rate at which landslides mobilize hillslope 885 

material. 886 

Also implicit in the calculation of EL is an assumption that all material excavated 887 

from landslide scars was transferred to the stream network.  Field observations suggest, 888 



 

 

however, that some material mobilized by landslides may be stored on hillslopes before 889 

being delivered to the stream network, such as the material deposited at the base of the 890 

smaller scar in Figure 4A.  It is difficult to estimate in the satellite images what fraction 891 

of the material excavated by landslides directly enters the channel network; the resolution 892 

of the satellite images and partial revegetation of the scars prevent determining that 893 

definitively.  Comparisons of scar locations with the location of the channel network 894 

suggest that as many as 50-85% of the new landslide scars in the WorldView-2 satellite 895 

image may not be directly connected to the channel network.  The connectivity between 896 

landslide scars and the channel network could be quantified more precisely if the 897 

landslide scars could be accessed in the field shortly after their occurrences, but this 898 

rough estimate nonetheless suggests that a considerable fraction of landslide-mobilized 899 

material may be stored on hillslopes before entering the channel network. 900 

Because these two assumptions provide upper limits on the erosion of landslide-901 

derived material, we consider our estimate of EL to be an upper bound on the flux of 902 

landslide-derived material to the channel network during 2004-2010.  Determining what 903 

fraction of landslide-derived material is delivered to the channel network will require 904 

extensive field mapping of landslide scars and deposits, work that is beyond the scope of 905 

this study.  We therefore consider 30-47 t km-2 yr-1 to be an upper bound on landslide-906 

derived erosion rates in the Hanalei basin during 2004-2010.  We emphasize that this 907 

estimate pertains only to landslide material discharging directly into the channel network; 908 

it does not account for erosion of landslide scars by gullying or remobilization of older 909 

landslide deposits. 910 



 

 

This estimate of landslide-derived erosion rates is toward the low end of 911 

landslide-derived erosion rates found elsewhere in the Hawaiian Islands.  Wentworth 912 

(1943), for instance, estimated that shallow landsliding was responsible for soil erosion at 913 

a rate of 0.79 mm/yr over eight years of observation over a 39 km2 region in Oahu’s 914 

Koolau Range.  Multiplying this by a soil density of 1.1 g/cm3 (our field measurement of 915 

soil density in the Hanalei basin) yields a physical erosion rate of 869 t km-2 yr-1.  In a 916 

similar study in a 7 km2 region in the Koolau Range, Scott (1969) used an estimated scar 917 

revegetation time of 3-4 years and the measured or estimated volumes of 132 soil-based 918 

landslide scars to calculate that shallow landsliding was responsible for 0.38-0.87 mm/yr 919 

of soil erosion in this field area.  If we again assume a soil density of 1.1 g/cm3, this 920 

corresponds to physical erosion rates of 418-957 t km-2 yr-1.  Two decades later, Peterson 921 

et al. (1993) and Ellen et al. (1993) used a series of 19 aerial photographs taken between 922 

1940 and 1989 to map 1790 landslide scars in the 220 km2 Honolulu district of the 923 

Koolau Range.  Multiplying their calculated eroded volume by an assumed soil density of 924 

1.1 g/cm3 and dividing by the surveyed area and the 49-year time span yields a physical 925 

erosion rate of 22 t km-2 yr-1. These estimates of EL were measured over different time 926 

intervals and spatial scales, and thus differences among these estimates may reflect 927 

temporal variations in landslide occurrence, differences in the likelihood of observing 928 

large events over different observation periods, or differences in the study areas 929 

themselves. 930 

As in any study that calculates landslide volumes from landslide areas, this 931 

estimate of landslide-derived erosion rates is dependent upon the accuracy of the applied 932 

landslide area-volume scaling relationship in the study area (e.g., Korup et al., 2012).  As 933 



 

 

noted in the Methods section, we applied an area-volume scaling relationship based on a 934 

global inventory of 2136 soil-based landslide scars (Larsen et al., 2010).  We were unable 935 

to verify the accuracy of this landslide area-volume scaling relationship in the Hanalei 936 

basin, because the Hanalei basin’s steep terrain and dense vegetation prevented access to 937 

landslide scars in the field and therefore prevented direct measurement of landslide scar 938 

volumes.  However, the predicted erosion rates can be compared to erosion rates 939 

predicted by a different scaling relationship based on the areas and volumes of 20 940 

landslide scars that Scott (1969) was able to access and measure directly in similar terrain 941 

on Oahu.  Because the scars examined by Scott (1969) had depths that were largely 942 

insensitive to scar area, the scaling relationship of Scott (1969) predicts a weaker 943 

dependence of landslide volume on area (V = 0.359AL
1.040) than does the scaling 944 

relationship of Larsen et al. (2010). Our field observations of landslide scars from 945 

helicopter surveys are similarly consistent with little variation in landslide thickness with 946 

scar area.  Applying the area-volume scaling relationship from Scott’s measurements 947 

yields landslide-derived erosion rates of 15-19 t km-2 yr-1, which is 1.5-3 times smaller 948 

than the erosion rates of 30-47 t km-2 yr-1 estimated from the scaling relationship of 949 

Larsen et al. (2010).  Here we have chosen to apply the scaling relationship of Larsen et 950 

al. (2010) because it is based on a much larger dataset than that in Scott (1969).  We 951 

caution that the applicability of this scaling relationship in the Hanalei basin remains to 952 

be validated, and that other area-volume relationships could accommodate landslide-953 

derived erosion rates that differ from our estimate by over a factor of two.  It is unlikely, 954 

however, that using a different area-volume scaling relationship could yield a landslide-955 



 

 

derived erosion rate that would account for the entire fluvial sediment flux measured 956 

between 2003 and 2009. 957 

Thus, even considering the uncertainties in estimating EL, our calculations imply 958 

that landslide-derived material was a small fraction of the Hanalei River’s fluvial 959 

sediment flux between 2003 and 2009.  This is consistent with previously published 960 

observations suggesting that landslides may not have been the primary source of 961 

suspended sediment in the Hanalei River over this time interval.  For instance, 962 

measurements of stream discharge and suspended sediment concentrations in the Hanalei 963 

River during this period are consistent with a dominantly streambank source of 964 

suspended sediment.  Stock and Tribble (2010) reported that hystereses between stream 965 

discharge and suspended sediment concentrations in the Hanalei River tend to be weak – 966 

that is, that temporal lags between stream discharge and suspended sediment 967 

concentrations tend to be short.  This observation is consistent with rapid mobilization of 968 

sediment from sources that are sensitive to river stage (e.g., legacy sediment in 969 

streambanks), but inconsistent with mobilization of sediments that take longer to enter 970 

the channel network (e.g., soils higher in the basin).  This is also consistent with 971 

measurements of 137Cs in stream sediment, streambank sediment, and hillslope soil 972 

profiles in the Hanalei basin, which led Ritchie and Pedone (2008) to suggest that the 973 

dominant source of suspended sediment was most likely streambank sediment or 974 

hillslope soils at depth, but was unlikely to be soils at the hillslope surface.  Thus, 975 

observations in both Stock and Tribble (2010) and Ritchie and Pedone (2008) are 976 

consistent with the possibility that streambank erosion may be the dominant source of 977 

suspended sediment in the Hanalei River.  This possibility cannot be addressed directly in 978 



 

 

the present study because we do not have measurements of streambank erosion rates, but 979 

it is consistent with the small size of our estimate of EL relative to the suspended 980 

sediment flux. 981 

 982 

CONCLUSIONS AND IMPLICATIONS 983 

The measurements presented here lead to several conclusions about erosional 984 

patterns on Kaua’i in space and time.  First, basin-averaged erosion rates across Kaua‘i 985 

over the past several million years are highly variable in space, ranging from 8 to 335 986 

t km-2 yr-1.  Both erosion rates and the extent of basin excavation over this timescale are 987 

positively correlated with modern mean annual precipitation.  To the extent that modern 988 

spatial patterns in precipitation rates are representative of precipitation patterns over the 989 

past 4-5 Myr, these data are consistent with the notion that rainfall rates positively 990 

influence long-term erosion rates on volcanic islands.  Although correlations between 991 

precipitation rates and long-term erosion rates or exhumation rates have been observed in 992 

the Atacama desert (Owen et al., 2010) and the Washington Cascades (Reiners et al., 993 

2003; Moon et al., 2011), such correlations are more frequently not apparent in 994 

compilations of erosion rate and climate measurements (e.g., Walling and Webb, 1983; 995 

Riebe et al., 2001; von Blanckenburg, 2005; Portenga and Bierman, 2011).  We suggest 996 

that the observed correlation between precipitation rates and erosion rates on Kaua‘i may 997 

be apparent because spatial variations in precipitation rates are so large and because 998 

variations in potentially confounding factors like lithology and rock uplift rates are 999 

relatively small.  This suggests that mean annual precipitation may play an important role 1000 

in setting the efficiency of erosional processes like bedrock river incision and hillslope 1001 



 

 

soil transport on volcanic islands, which would provide support for proposed feedbacks 1002 

among climate, erosion, and the structure of mountain belts (e.g., Willett, 1999; 1003 

Beaumont et al., 2001; Whipple and Meade, 2004; Stolar et al., 2007; Roe et al., 2008; 1004 

Whipple, 2009).  These feedbacks propose that spatially focused precipitation drives 1005 

spatially focused erosion and thereby modulates a mountain belt’s width and height, 1006 

which themselves modulate spatial patterns in precipitation.  These proposed feedbacks 1007 

hinge on the requirement that bedrock erosion is more efficient where precipitation rates 1008 

are higher.  This is a prediction we will address in future studies. 1009 

Second, in the Hanalei basin, modern erosion rates are 1.4-3.1 times faster than 1010 

erosion rates averaged over the past several million years and over the past several 1011 

thousand years, a difference that we suggest is relatively small, given that Myr-scale 1012 

erosion rates vary across Kaua‘i by more than a factor of 40.  Whether the temporal 1013 

variations in erosion rates in the Hanalei basin are representative of other basins on 1014 

Kaua‘i cannot be addressed with these data, but we plan to address this in future studies.  1015 

Measured 3He concentrations in detrital olivine imply that erosion rates over the past 1016 

several thousand years are at least 8-17 times higher than regulatory targets for modern 1017 

Hanalei River sediment fluxes (EPA, 2008; Hawaii Dept. of Health, 2008).  Because 1018 

Hanalei River fluvial sediment fluxes were only monitored from 2003 to 2009, and 1019 

because our 3He-based erosion rate estimates are averaged over the past several thousand 1020 

years, the measurements compiled in this paper cannot directly show whether increases in 1021 

human development in the Hanalei basin over the past century have led to increases in 1022 

erosion rates.  However, upstream of the USGS Hanalei River gauging station, the 1023 

absence of infrastructure suggests that human modification of the upper 80% of the basin 1024 



 

 

has been relatively minor over the past century.  This in turn suggests that any changes in 1025 

sediment delivery upstream of the USGS gauge over the past century are unlikely to be a 1026 

direct result of changes in land use.  Changes in vegetation over the past century may 1027 

have affected rates of soil delivery to channels, but our data compilation here cannot 1028 

resolve that, and this remains a question for future work. 1029 

Third, shallow landsliding accounted for 10 ± 3% of the physical sediment flux in 1030 

the Hanalei River between 2004 and 2010, implying that other erosional processes such 1031 

as soil creep, streambank erosion, and overland flow (potentially including post-failure 1032 

erosion of landslide scars) were likely responsible for the bulk of the delivery of hillslope 1033 

material to the channel network during the monitoring period. 1034 

The broad similarity between erosion rates in the Hanalei basin over annual, 1035 

millennial, and million-year time scales gives the impression that erosion has been 1036 

relatively steady over millions of years.  This contrasts with the knowledge that Kaua‘i’s 1037 

topography must have been transiently evolving over the past ~4 Myr, since all shield 1038 

volcanoes build initially smooth domes that subside and grow more dissected over time.  1039 

Indeed, the dramatic changes in hydrology that an island experiences over its lifetime 1040 

might lead one to expect even more dramatic differences in island erosion rates over 1041 

time.  Our measurements show that similarity among basin-averaged erosion rates over 1042 

different time scales is not necessarily a signature of steady-state topography.  Instead, 1043 

they show that even in transient landscapes, basin-averaged erosion rates measured over 1044 

different time scales may give the impression that erosion has been steady over a wide 1045 

range of time scales. 1046 



 

 

Overall, the erosion rates presented here suggest an empirical link between 1047 

erosion rates and precipitation rates, and they provide a first step toward a more 1048 

comprehensive quantitative basis for conservation and management of Hawaiian reefs 1049 

and watersheds.  They also provoke a number of further questions about volcanic ocean 1050 

island evolution.  For instance, what are the general conditions that control how erosion 1051 

rates evolve in time and space over the lifespan of an island?  Are modern erosion rates 1052 

across Kaua‘i a strong function of rainfall rates, as the correlation between Myr-scale 1053 

erosion rates and mean annual precipitation suggests they should be?  Lastly, why are 1054 

erosion rates so slow in a landscape that is so steep and so wet?  Kaua‘i has many basins 1055 

with mean hillslope gradients steeper than 100% and mean annual precipitation rates that 1056 

are among the highest on Earth, yet erosion rates on Kaua‘i are not high on the global 1057 

scale.  In the Hanalei basin, for instance, our mean erosion rate estimates range from 126 1058 

to 545 t km-2 yr-1 – comparable to the global average erosion rate of 140 t km-2 yr-1 1059 

(Wilkinson and McElroy, 2007; Gayer et al., 2008) – while estimates of erosion rates on 1060 

other volcanic islands are as high as >10,000 t km-2 yr-1 (Louvat et al., 2008).  This 1061 

suggests that there is still much that is not understood about climatic and topographic 1062 

controls on erosion rates.   1063 

Our observations suggest that determining what sets the pace of landscape 1064 

evolution on volcanic ocean islands over time and space is an open challenge.  Given the 1065 

suitability of volcanic islands as natural experiments in landscape evolution, we suggest 1066 

that addressing that challenge may provide insights into the general evolution of 1067 

topography, both on islands and on continents.  This will require advances in theoretical 1068 



 

 

models of volcanic island evolution as well as tests of those models against 1069 

measurements of erosion rates, such as those presented here. 1070 
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FIGURE CAPTIONS 1393 

 1394 

Figure 1A. Topography of Kaua‘i, derived from 10-meter DEM.  Figure 1B. Geologic 1395 

map of Kaua‘i, modified from Sherrod et al. (2007).  1396 

 1397 

Figure 2A. Basin-averaged erosion rates on Kaua‘i, inferred from the volume of rock 1398 

eroded from drainage basins since construction of each basin’s initial topographic 1399 

surface.  The area of the circular symbol associated with each basin is proportional to the 1400 

basin’s erosion rate EV.  The black fraction of the circular symbol indicates the fraction fV 1401 

of the basin’s initial rock volume that has been eroded.  The number next to each circular 1402 

symbol is the basin’s ID in Table 1.  The background color is the modern annual 1403 

precipitation rate, resampled to 10 m resolution (Daly et al., 2002; PRISM Climate 1404 

Group, Oregon State University).  Figure 2B. Basin-averaged erosion rates vs. basin-1405 

averaged modern mean annual precipitation.  Figure 2C. The extent of basin excavation 1406 

vs. basin-averaged modern mean annual precipitation. 1407 

 1408 

Figure 3. Hanalei River basin topography (background color) and detrital olivine 1409 

sampling sites (black circles) for 3He analysis.  At right are sampling site names and 1410 

minimum bounds on 3He-inferred erosion rates calculated with Equation 2.  Solid lines 1411 

outline the Hanalei River basin and the subcatchments upstream of the sample sites.  1412 

Dashed line separates the low-relief eastern Hanalei basin from the high-relief western 1413 

Hanalei basin, to which separate spline surfaces were fit in the calculation of eroded 1414 

volumes with Equation 1 (see Methods). 1415 



 

 

 1416 

Figure 4A and 4B. Landslide scars in the Hanalei basin, in August 2006 (Figure 4A) and 1417 

September 2003 (Figure 4B), each approximately 6-12 meters in width.  Figure 4C. 1418 

Hanalei River basin, looking south from a vantage point 1.95 km south-southwest of the 1419 

USGS gauging station (Figure 3). 1420 

 1421 

Figure 5. Upper panels: Satellite imagery used to map landslide scars in the Hanalei 1422 

basin.  Black line shows outline of the Hanalei basin.  Lower panels: At left, the black 1423 

line outlines the location of a landslide scar that is present in the WorldView-2 image but 1424 

not in the Quickbird image.  The upper right corner of the Quickbird image also shows a 1425 

landslide scar that revegetated by the time the WorldView-2 image was taken nearly six 1426 

years later. 1427 

 1428 

Figure 6. Erosion rates in Kaua‘i’s Hanalei basin derived from four sets of measurements, 1429 

each averaged over a different timescale.  Open upper error bars on 3He data points imply 1430 

unbounded upper uncertainties on 3He-based erosion rates. 1431 
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